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Abstract

The energy response of an imaging detector based on a monolithic crystal is
highly dependent on the position of the gamma ray interaction, which leads
to a spectral drift of the imaging detector, known as the spectral drift related
to incident position. It deteriorates the energy resolution of the detector and
affects the selection of the energy window for imaging, resulting in artefacts in
the reconstructed image. Thus, a energy response correction method is proposed
to improve the positional consistency of the detector energy response. In both
simulation and physical experiments, the method improved the full-energy peak
consistency of the monolithic crystal detector, which results in improved energy
resolution of the detector, more accurate selection of the energy window, and
imaging quality. Especially, in physical experiments, the method converges the
peak sites of 365keV energy at each location, which reduced the half-height
width of characteristic peak (@365 keV) from 53 to 38 channels, improved the
energy resolution by 28.3%, transformed the incomplete mask projection into a
complete mask projection, and the signal-to-noise ratio increased from 2.38 to
5.37.

Full Text

Preamble

The energy response of imaging detectors based on monolithic crystals exhibits
strong dependence on gamma-ray interaction position, leading to spectral drift
that correlates with incident location. This phenomenon, known as position-
dependent spectral drift, degrades detector energy resolution and complicates en-
ergy window selection for imaging, ultimately causing artifacts in reconstructed
images. To address this issue, we propose an energy response correction method
to enhance the positional consistency of detector energy response. Both simu-
lation and physical experiments demonstrate that this method improves full-
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energy peak consistency in monolithic crystal detectors, resulting in enhanced
energy resolution, more accurate energy window selection, and improved imag-
ing quality. In physical experiments particularly, the corrected peak positions
converge to 365 keV across all locations, reducing the full width at half maxi-
mum (FWHM) of the characteristic peak (@365 keV) from 53 to 38 channels
and improving energy resolution by 28.3%. Furthermore, incomplete mask pro-
jections are transformed into complete projections, with the signal-to-noise ratio
(SNR) increasing from 2.38 to 5.37.

Keywords: Monolithic crystal detector, SiPM array, Spectral drift, Energy
response correction method

Introduction

In recent years, advances in inorganic scintillators and optoelectronic sensors
have enabled widespread application of scintillator detectors in nuclear physics,
particle physics, and radiation imaging [1-12]. Scintillator crystals offer high
light yield, short decay time, and excellent energy resolution, making them
ideal materials for nuclear instrumentation development [13]. Coded aperture
imaging primarily employs two types of scintillator crystals: array crystals and
monolithic crystals [14, 15]. Imaging detectors with array crystals are less sus-
ceptible to compression effects and can achieve higher spatial resolution, which
is primarily determined by the pixel size of the crystal array [16-18]. How-
ever, these detectors suffer from photon absorption by reflective layer materials
between crystal pixels, and the thickness of crystal arrays significantly reduces
energy resolution and detection efficiency [19]. In imaging detectors composed of
array crystals coupled to photomultiplier tubes or silicon photomultiplier tubes,
spectral peaks vary considerably among individual crystal strips [20, 21].

Compared with array detectors, monolithic crystals offer superior energy reso-
lution and detection efficiency [19]. However, monolithic crystals exhibit trun-
cation and reflection effects of scintillation light that typically result in a useful
field of view (UFOV) smaller than the detector’ s effective area. Additionally,
reconstruction results from peripheral regions become blended and inseparable,
leading to compression effects [19]. In recent years, researchers have employed
various algorithms to mitigate compression effects and expand the UFOV in
monolithic crystal imaging detectors, including Truncated Centre-of-Gravity
(TCOG), Raise-to-Power (RTP; also known as Floating Weight, FW), Least
Squares Estimator (LSE), Maximum Likelihood (ML), and Artificial Neural
Network (ANN) methods [22-27].

In monolithic crystal imaging detectors, energy response is highly dependent on
the location of y-ray interaction. When gamma rays interact near the crystal
edge, the light distribution becomes truncated, and photons within the crystal
are affected by structural and physical properties. If the detector surface is
covered with absorbing materials, photons will be absorbed [28, 29], resulting in
inconsistent energy responses and full-energy peak inconsistency—manifesting as
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position-dependent spectral drift. This phenomenon degrades energy resolution.
In array imaging detectors, inconsistent photomultiplier tube (PMT) gain can
cause peak position variations among crystal strips, leading to loss of valid
events and reduced detection efficiency [30].

Monolithic crystals may also exhibit uneven energy responses due to non-
uniformity in crystal growth and packaging [31]. In positron emission
tomography (PET) applications, energy response inconsistency has been
identified in thick crystals and corrected specifically for 511 keV pulse signal
amplitude, yielding improved energy resolution [32-34]. However, traditional
gamma cameras for coded aperture imaging, which rely on two-dimensional
projection information, have neglected the influence of particle-detector in-
teraction depth on projection information, thereby reducing imaging quality
to some extent. Consequently, Y. Han proposed a correction method for
coded gamma cameras based on particle-detector interaction depth to improve
imaging quality [35].

If energy response consistency can be improved, imaging quality will be further
enhanced. Building upon our research group’ s previous simulation experiments
[36], this study verifies the phenomenon through physical experiments and estab-
lishes an energy response correction model. The model enhances peak position
consistency, improves energy resolution, and elevates imaging quality. These
improvements are significant for optimizing encoded aperture imaging system
performance and expanding applications in nuclear emergency response and ra-
diation monitoring.

2. Material and Methods

We established an imaging detector model using Geant4 and employed a step-
scanning method to acquire position-dependent spectral drift data. Based on
this model, we developed a radiation imaging system and introduced its elec-
tronic and data processing systems. Following the simulation experimental
methodology, we confirmed that position-dependent spectral drift also exists
in physical experiments, where the effect is even more pronounced.

2.1. Simulation

To investigate position-dependent spectral drift, we constructed a monolithic
scintillator-based imaging detector model using GEANT4 software, as illus-
trated in Fig. 1c [Figure 1: see original paper|. The model employs a monolithic
LaBr3(Ce) crystal renowned for its exceptional density, energy resolution, light
yield, and decay time characteristics. Fig. 1 depicts the detector structure and
step-scanning process. The detector incorporates a 51 mm x 51 mm X 5 mm
LaBr3(Ce) crystal coated with a 0.3 mm Teflon foil serving as the front diffuse
reflective layer. The scintillator is surrounded and encapsulated by a 0.5 mm
aluminum foil acting as the specular reflective layer [20]. A 3 mm glass layer (re-
flectivity 1.5) and 0.1 mm optical grease (reflectivity 1.41) are placed between
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the crystal bottom and the silicon photomultiplier (SiPM) array. The SiPM
model used is the Micro-30035-TSV manufactured by ONSEMI, featuring a 16
x 16 array with a 3.07 mm X 3.07 mm sensitive area and a 3.15 mm x 3.15
mm package area [20].

The physical property parameters of lanthanum bromide crystals primarily in-
clude emission spectrum, light yield, decay time constant, refractive index, and
intrinsic resolution. The emission spectrum of LaBr3(Ce) crystals varies with
cerium content. As Ce concentration increases, light yield changes slightly while
decay time shortens. The decay time constant generally comprises fast and slow
components. Since the fast decay component of LaBr3:5% Ce crystals accounts
for 97% of the total, we configured the decay time constant to include only the
fast component, set at 15 ns with a yield value of 1 [37, 38]. The crystal’ s light
yield (scintillation yield, SCY) is set to 63,000/MeV, and its refractive index is
set to 1.85 [38]. In GEANTY, the crystal model’ s emission spectrum is based
on experimental data [39].

A distinctive feature of lanthanum bromide crystals is the presence of radioac-
tive materials 138La and 227Ac within the crystal lattice. These radionuclides
endow LaBr3(Ce) crystals with intrinsic radioactivity, yielding a background en-
ergy spectrum that differs slightly from the natural background spectrum. In the
low-energy region (0-1800 keV), the background spectrum primarily originates
from gamma transitions of 138La (789-1436 keV). For background spectrum
simulation, we calculate the total 138La activity based on detector crystal vol-
ume and randomly distribute it throughout the crystal (138La volume activity:
1.52 Bq/cm?) [40, 41], resulting in a total activity of 19.7 Bq. Due to the crystal’
s small size, its absorption capacity for 789 keV and 1436 keV gamma rays is lim-
ited, minimally impacting imaging results. In the high-energy region (1800-2800
keV), radiation primarily originates from 227Ac and high-energy environmental
background radiation. Since the total count of high-energy radiation is low, its
impact on energy spectrum measurement and imaging results is minimal.

In simulation studies, optical photon transport can be divided into two main
components. The first involves photon transport within the medium, where
users define material parameters. These parameters primarily include emission
spectra, scintillation yield, intrinsic resolution, and fast decay components of
the scintillator, which critically determine optical photon production and trans-
port through the medium. The second component involves photon transport
between different media, requiring specification of surface parameters. Key sur-
face parameters include type, finish, efficiency, reflectivity, and reflectivity type,
which control physical interactions of optical photons at media interfaces.

The simulation program primarily utilizes the FTFP_{BERT} modular
physics process, replacing the electromagnetic interaction process with the
standard electromagnetic process G4EmStandardPhysics {optionl}.  Ad-
ditionally, the program incorporates the G4OpticalPhysics optical process.
G4EmStandardPhysics {optionl} encompasses various fundamental electro-
magnetic interactions, including the photoelectric effect, Compton scattering,
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pair production, Coulomb scattering, and bremsstrahlung. The implemented
optical processes include scintillation, Cherenkov radiation, Rayleigh scattering,
Mie scattering, refraction, and reflection.

The effective detection area of the monolithic crystal imaging detector is arti-
ficially divided into 441 blocks. A point source is simulated using the Class
PrimaryGeneratorAction, with gamma-ray emission position and direction set
180 mm in front of the imaging detector. The I-131 radioactive source is po-
sitioned within a tungsten shielding canister on the detector’ s incident side.
The tungsten canister features a collimation hole, enabling ~-rays from I-131
to perpendicularly irradiate the detector. Employing a step-scanning method,
each block is scanned to obtain the detector response for all ray entry positions.
When gamma rays enter the detector from a specific block and interact with
the scintillator to produce photons, the SiPM array converts these photons into
electrical signals. Signals from 256 SiPMs are summed to serve as the detector’ s
energy response. The summed SiPM array signal is then statistically processed
to obtain the v-ray spectrum for each incident block. Subsequently, the peak
channels of gamma-ray spectra for each incident region are extracted. Since
events occurring near the crystal center produce relatively complete light distri-
butions, while gamma-ray interactions at the crystal edge result in truncated
light distributions, the peak channel of the spectrum in Block (00,00) is used as
the standard reference.

In simulation experiments, we obtained gamma-ray energy spectra for ten com-
mon energies across various detector blocks. Ten distinct spectral peaks are
clearly visible, confirming the feasibility of our model [36]. Isolating the charac-
teristic peak at 365 keV yields Fig. 1b. Notably, significant position-dependent
spectral drift occurs within the detector from Block (00,00) to Block (10,10), be-
coming more pronounced with increasing energy. Given the limited variety of
radiation sources available in our laboratory, to rigorously compare simulation
with experimental results, we extracted the spectral channels corresponding to
the 365 keV peak from the simulation dataset. This extraction provided the
365 keV peak channel across various blocks for subsequent analysis, as shown in
Fig. 1d. The correlation between the 365 keV peak channel and spatial position
indicates minimal displacement at the center, increasing toward the periphery.
This suggests a positive correlation between displacement magnitude and prox-
imity to the central axis—the peak displacement is smallest at the center and
gradually increases toward the edges.

This phenomenon arises from gamma-ray interactions with the crystal lattice,
causing ionization and excitation of lattice atoms followed by photon emission
during de-excitation. Photon interactions with the crystal include absorption,
refraction, and reflection processes, with backscattering playing a more signif-
icant role in peripheral regions. Additionally, photons traversing the crystal
are modulated by crystal structure and physical properties, leading to photon
flux attenuation. This results in spatial heterogeneity of the detector’ s intrin-
sic response characteristics, producing position-dependent energy responses to
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gamma rays.

2.2. Experiment

Fig. 2a [Figure 2: see original paper]| illustrates the radiation imaging system,
which primarily consists of an encoding plate (MURA-11), imaging detector,
electronic system, Jetson Xavier NX, and display unit. The imaging detector
comprises a LaBr3(Ce) crystal coupled to an SiPM array. This study utilizes
the ARRAYJ-30035-64P SiPM array model manufactured by Onsemi. By as-
sembling four such arrays, a 16 x 16 detector array is formed, yielding 256
channels of output signals. The ARRAYJ-30035-64P consists of 3 mm x 3 mm
J-series SiPMs arranged in an 8 x 8 array. Four SiPM arrays are mounted to
the front of the interface board via connectors on the back, leaving a 1 mm gap
between arrays to facilitate detector packaging. The back of the interface board
comprises four pairs of connectors for bias voltage input and initial signal read-
out of the SiPM arrays. All sensor substrates (cathodes) are combined to form
a common I/0. After completing internal detector packaging, the assembly is
fixed to the detector housing through mounting holes at the four corners of the
interface board. In the interface board design, due to limited copper plating and
light leakage from connectors, black tape is applied for additional light shielding
to achieve better optical isolation.

The electronic system comprises a Symmetric Charge Division Circuit (SCDC),
Amplitude Time Convert Circuit (ATCC), and Digital Signal Processing Cir-
cuit (DSPC). The ATCC initially employs an AD8066 operational amplifier to
perform signal summation and amplification, scaling the signal to a suitable am-
plitude for input into a hysteresis comparator circuit. The comparator utilizes
the TLV350 device, and the hysteresis comparison circuit shapes the nuclear
pulse signal into a rectangular pulse signal. The 256-channel signals read out
from the SiPM array detector are divided into 32-channel signals through the
summing circuit and input to the DSPC via an FPC interface for FPGA ac-
quisition. The DSPC incorporates a Xilinx 7 Series core board along with a
system power board. The core board captures the 32-channel rectangular pulse
signals output by the conditioning board through its 32 I/O ports. A single
channel signal that has undergone A/D conversion is acquired by the FPGA
for filtering, shaping, peak value extraction, and energy spectrum analysis. The
33-channel signal data (32 rectangular pulse signals and 1 ADC channel) pro-
cessed by the core board are transmitted via Ethernet to the Jetson Xavier
NX for further processing. The Jetson Xavier NX, NVIDIA’ s edge computing
platform, deploys 32-FCNN localization algorithms and Maximum Likelihood
Estimation algorithms (MLEM), enabling parallel computation for algorithm ac-
celeration. Ultimately, reconstructed images and radioactive source information
are displayed on the monitor.

In physical experiments analogous to simulations, an I-131 source is positioned
180 mm from the detector. A step-scanning method is employed, where radia-
tion perpendicularly irradiates the detector surface through a collimator. The
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detector captures energy responses at different incident positions. During step-
scanning, a collimator with a 2.5 mm hole diameter, 33 mm overall diameter,
and 55 mm thickness is used to collimate gamma rays from 1-131. The detector’
s effective detection area is then gridded, uniformly divided into 441 blocks as in
the simulation experiment. The I-131 source (activity: 0.1 mCi) is placed above
the collimator, marking the incident position as (x,y). Each point is measured
for 4 minutes, and the summed signal Vxy from the SiPM array at position
(x,y) is acquired through the multi-channel signal acquisition board. Finally,
the energy spectrum Exy at the incident position is statistically derived from
signal Vxy using the host computer, completing a single step-scan measurement.
The entire step-scanning process involves 441 measurement points, with a total
duration of 29.4 hours.

Fig. 2b illustrates the distribution of 365 keV characteristic peaks for Block
(00,00) and Block (10,10) in the physical experiment. The experimental data
closely align with Monte Carlo (MC) simulation results. Variation in pulse
height channel addresses is notably pronounced due to different radiation inci-
dent positions. During gamma-ray interaction with the crystal, ionization and
excitation of crystal atoms occur, with photon emission during de-excitation.
These photons may be absorbed, refracted, and reflected by the crystal, with
edge positions being more significantly affected by backscattering. Moreover,
photon propagation within the crystal is influenced by its structure and physi-
cal properties, causing light loss. This results in inconsistent energy responses
of monolithic crystal detectors. The overall peak position pattern indicates that
spectral drift related to incident position is minimal near the center and more
severe toward peripheral positions, similar to simulation results.

In the physical experiment, the degree of peak position offset was more severe,
reaching 84 channels. Although SiPMs exhibit some temperature drift, the en-
tire experimental process was conducted at room temperature, with the signal
processing circuit board and FPGA chip maintaining essentially constant tem-
perature. Therefore, spectral drift caused by temperature can be considered
negligible. This result is attributed to differences in crystal uniformity. In sim-
ulation experiments, the LaBr3(Ce) crystal is isotropic with perfectly uniform
properties throughout. Actual LaBr3(Ce) crystals lack such uniformity, mani-
festing in specific growth directions and variations in Ce doping concentrations
at different locations. These differences cause inhomogeneous anisotropic pho-
ton transmission and variations in photon emission numbers for scintillation
events of the same energy. These inconsistencies affect detector pulse signal
amplitude, thereby influencing energy resolution. Additionally, differences in
crystal packaging contribute to this result. In simulation programs, not only
is the crystal itself perfectly uniform, but the crystal surface packaging is also
consistently applied everywhere—such consistency is difficult to achieve experi-
mentally. Differences in LaBr3(Ce) surface packaging make the light transmis-
sion process non-uniform and asymmetric. When charged particles are incident
from different positions on the crystal surface, geometric factors affect photon
transmission within the crystal, eventually resulting in different peak positions.
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3. Results and Discussion

Based on the characteristics of this class of detectors, we propose a method
and principle for an energy response functional correction matrix. We evaluate
and discuss correction effects on peak consistency from four aspects: full-energy
peak consistency, energy resolution, encoded images, and reconstructed image
quality.

3.1. Correction Method

In preliminary simulation studies, we extracted peak channels of each full-energy
peak in the energy range of 300 keV to 2000 keV for various blocks. Since a linear
relationship exists between peak channel and peak energy, a linear relationship
should also exist between characteristic peaks in each block [36]. Therefore, in
physical experiments, we can similarly employ a functional correction matrix to
improve full-energy peak consistency. However, the functional correction matrix
requires recalibration. Thus, we investigated the linear relationship between the
full-energy peak of the central Block (00,00) and other blocks through physical
experiments.

Since step-scanning experiments impose specific requirements on radiation
source type, activity, and size, our laboratory could only provide I-131 meeting
these requirements. Additionally, because calibration of the functional correc-
tion matrix requires full-energy peaks at two or more energies, we selected the
two characteristic peaks of I-131 at 284 keV (branching ratio 6.12%) and 365
keV (branching ratio 81.5%) for matrix calibration. Fig. 3a demonstrates the
linear relationship between the 284 keV and 365 keV characteristic peaks of
the central Block (00,00) and peripheral Block (09,08) and Block (10,10) in
physical experiments. The linear relationship formula between Block (00,00)
and Block (10,10) is y(10,10) = 0.98x - 36.29, with k(10,10) = 0.98 and b(10,10)
= -36.29. The linear relationship formula between Block (00,00) and Block
(09,08) is y(09,08) = 1.02x - 38.71, with k(09,08) = 1.02 and b(09,08) = -38.71.
Thus, the functional correction matrix is composed of coefficients (k,b) from
these linear equations.

We establish a linear parameter fitting line between the spectral channel address
of Block (i, j) and that of the central Block (00,00) detector, with the linear
relationship y(i,j) = k(i,j)x + b(i,j). Here, y(i,j) represents the peak channel
address for Block (i, j), x indicates the peak channel for the central Block (00,00),
k(i,j) denotes the slope for Block (i, j), and b(i,j) represents the y-intercept for
Block (i, j). Ultimately, a functional correction matrix (k(i,j),b(i,j)) is obtained,
as shown in Eq. (1).

(k-10,10, b-10,10) (k-10,09, b-10,09) ... (k-10,-09, b-10,-09) (k-10,-10, b-10,-10)
(k00,00, b00,00)

(k10,10, b10,10) (k10,09, b10,09) ... (k10,-09, b10,-09) (k10,-10, b10,-10)
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Based on the functional relationship between incident position and energy dis-
covered in this study, we propose an energy response functional correction ma-
trix to correct energy response and improve full-energy peak consistency. First,
a step-scanning method calibrates the detector’ s correction matrix. Gamma
rays are incident perpendicularly onto the detector through a collimator, and
the SiPM array response signals are summed and statistically analyzed to ob-
tain energy spectra, from which full-energy peaks and coordinate information
are extracted. Using a linear function, we obtain coefficients for each block’ s
peak channel relative to the central block’ s peak channel, thereby acquiring
the detector’ s complete energy response functional correction matrix. Finally,
using the coordinate information of ray-detector interactions and based on the
“look-up table” principle, we identify the correction coefficients corresponding
to the coordinates in the energy response functional correction matrix, thereby
correcting the peak channel for each interaction event, as shown in Fig. 3c [Fig-
ure 3: see original paper]. In Fig. 3c, E(i,j) is the uncorrected peak address, (k,
b) constitutes the functional correction matrix, and E (i,j) is the corrected peak
address.

This imaging system utilizes a ray localization algorithm based on neural net-
works to obtain positional information of incident radiation [28]. The principle
is that when rays interact with the detector, the SiPM at the interaction point
receives the strongest pulse signal intensity, while signal strength gradually de-
creases at other SiPM locations as scintillation light propagates through the
crystal. Therefore, ray position can be determined based on light intensity dis-
tribution across the SiPM array. In this imaging system, the 256-channel SiPM
signals are summed and converted into 32-channel signals, which serve as input
data for a fully connected neural network to perform ray localization, yielding
positional information. The neural network model structure includes one input
layer, two hidden layers, and one output layer. The input layer receives 32-
channel signals, while the output layer provides the coordinates (X,Y) of the
interaction position between incident rays and the crystal. The activation func-
tion used is ReLU. With this approach, the intrinsic spatial resolution of the
radiation imaging system can reach 2.67 mm.

3.2. Correction Results

To better compare uncorrected and corrected results from both simulation and
physical experiments, this study uses characteristic gamma rays emitted by I-
131 as the measurement object for both simulation and physical experiments.
Correction results are discussed in terms of uncorrected and corrected peak po-
sition consistency, energy resolution, encoded images, and reconstructed image
quality.

Regarding full-energy peak consistency, we obtained the energy response func-
tional correction matrix separately from simulation and physical calibration
experiments and corrected the energy response for both simulated and physi-
cal experiments, resulting in significant improvement in full-energy peak con-
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sistency. Fig. 4a [Figure 4: see original paper]| illustrates the corrected 365
keV peak for various incident blocks in the simulation experiment, while Fig.
4b shows the same for the physical experiment. The figures demonstrate that
peaks in edge blocks have been substantially corrected in both simulation and
physical experiments, with full-energy peak consistency markedly enhanced and
essentially converging to uniformity. Additionally, within the 365-1332 keV en-
ergy range, simulation experiment results are well-fitted to the energy response
functional correction matrix [36]. The energy response functional correction
matrix is designed to channel the 284 keV and 365 keV energies of I-131 in the
physical experiment, consequently reducing peak channel error to zero channels
in the physical experiment.

Due to inconsistent responses of uncorrected peaks, detector energy resolution
varies. When incident gamma rays are predominantly absorbed by edge blocks,
detector energy resolution decreases. Conversely, when the central block pri-
marily absorbs incoming rays, energy resolution improves. Thus, enhancing
full-energy peak consistency can improve energy resolution to a certain extent.
The energy response functional correction matrix obtained separately from sim-
ulation and physical calibration experiments corrects energy response in both
simulated and physical experiments, yielding improved energy resolution. Fig.
4c and Fig. 4d show energy resolution at 365 keV before and after correction for
simulation and physical experiments, respectively. Comparison reveals that the
corrected gamma-ray spectrum exhibits narrowed FWHM, obviously increased
peak count, and improved energy resolution. In simulation experiments, the
FWHM of the 365 keV characteristic peak was reduced from 38 channels to 32
channels, improving energy resolution by 18.8%. In physical experiments, the
FWHM of the 365 keV characteristic peak was reduced from 53 channels to 38
channels, improving energy resolution by 28.3%. Improved energy resolution
of the imaging detector plays a key role in energy window data selection and
reconstructed image quality enhancement.

In coded aperture gamma imaging system applications, data selection is based
on the energy window. Due to inconsistent uncorrected peak responses, detec-
tion efficiency is reduced and real events are lost, affecting image quality. In
severe cases, this can lead to incomplete projected images and ultimately imag-
ing failure, especially when incident rays are mainly absorbed by edge blocks.
Therefore, correcting full-energy peak consistency in the detector’ s effective
detection area is necessary to improve imaging quality.

In this study, both simulation and physical experiments utilized an I-131 ra-
dioactive source (t1/2 = 8.02 d) with an activity of 0.1 mCi. The I-131 point
source center, encoding board collimator, and imaging detector are aligned hor-
izontally on the same axis. The distance between the I-131 point source and
detector is 80 cm, and the distance between the encoding board collimator and
detector is 5 cm. The MURA array can be represented by a matrix Bij, where r
denotes the number of rows (or columns) in the matrix, which is a prime num-
ber. Bij = 1 indicates an open aperture, and Bij = 0 indicates a closed aperture
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[42]. The nested MURA coded aperture structure is derived from the MURA
(N x N) by expanding the MURA coded aperture in a centrally symmetric
manner to nine times its original size, resulting in the Loop MURA (3N x 3N).
Subsequently, a coded aperture of size (2N-1)x(2N-1) at the central position is
selected to serve as the Nested MURA [42].

After radiation interacts with the crystal, a neural network localization algo-
rithm acquires the encoded image on the detector. Fig. 5a [Figure 5: see orig-
inal paper] and Fig. 5b represent uncorrected and corrected encoded images
from the physical experiment, respectively. In Fig. 5a (uncorrected encoded
image), data loss is observed in the upper right and lower left corners, with
more significant loss in the lower right corner. This is attributed to loss of
true events in these blocks as shown in Fig. 2b, leading to imprecise energy
window data. The uncorrected encoded images in the physical experiment are
severely hampered by data loss, rendering image reconstruction infeasible. In
addition to event positions causing peak inconsistencies, SiPM manufacturing
processes cannot guarantee identical performance for each device. The response
of the SiPM array, signal acquisition, and readout are not perfectly synchro-
nized, which further aggravates full-energy peak inconsistency and reduces the
amount of effective encoded image data. The corrected encoded images are
more complete, enabling clearer image reconstruction.

When the radioactive source is located at the center of the imaging detector’ s
useful field of view (UFOV), most valid information is collected in the central de-
tector area. An incomplete encoded image will not lead to image reconstruction
failure, and accurate reconstruction of the radioactive source position remains
possible. In this case, full-energy peak inconsistencies can introduce artifacts
in the reconstructed image, reducing the signal-to-noise ratio (SNR) and af-
fecting reconstruction quality. However, when the radioactive source is located
at the edge of the imaging detector’ s UFOV, most valid information is con-
centrated in the peripheral detector area. Inconsistent full-energy peaks can
cause severe loss of valid information, leading to deviations in the reconstructed
radioactive source position or even complete imaging failure. The corrected
peak channel eliminates data outside the energy window and improves detector
detection efficiency. Simultaneously, it enhances imaging detector energy res-
olution, significantly improving SNR from 2.38 to 5.37—an increase of 125.6%.
Fig. 5 demonstrates that the uncorrected imaging detector’ s poor energy res-
olution causes data outside the energy window to be recognized as valid data,
resulting in low SNR and artifacts in the reconstructed image. The corrected
reconstructed image shows improved SNR, reduced or eliminated artifacts, and
enhanced reconstruction quality.

4. Conclusions

This study reveals that not only crystal arrays but also monolithic crystals
exhibit energy response inconsistency. Different gamma-ray incident positions
can cause variations in energy deposition in monolithic crystal detectors, leading
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to energy response inconsistency. This reduces energy resolution and affects
radiation imaging system imaging quality.

By performing step-scanning to obtain full-energy peaks at different incidence
positions and based on the linear relationship between each block’s peak channel
and the central block’ s peak channel, we obtain the detector’ s energy response
functional correction matrix. A 32-FCNN localization algorithm positions in-
cident rays and obtains positional information. According to this positional
information, corresponding correction coefficients from the energy response func-
tional correction matrix are matched, thereby correcting the detector’ s energy
response.

Correction results demonstrate that this method can effectively improve energy
response consistency, enhance energy resolution, and improve imaging quality.
In simulation experiments, this method improves full-energy peak consistency,
decreasing the FWHM of the 365 keV characteristic peak from 33 channels to
28 channels, improving energy resolution by 15.2% and enhancing detection
efficiency. In physical experiments, this method improves full-energy peak con-
sistency of the monolithic crystal imaging detector and makes peaks evenly
distributed across the detector plane. Regarding energy resolution, the method
reduces FWHM from 53 channels to 38 channels at the 365 keV characteris-
tic peak, increasing energy resolution by 28.3%. For image reconstruction, the
method reduces artifacts in reconstructed images, improves SNR from 2.38 to
5.37, and even transforms incomplete encoded images into fully encoded images
to achieve more accurate image reconstruction.

The method proposed in this study minimizes or eliminates the impact of en-
ergy response inconsistencies, enhances detector energy resolution, enables more
accurate energy window selection in imaging detectors, and improves image qual-
ity. This is of great significance for improving nuclide identification accuracy
and enhancing energy spectrum imaging quality.
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